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Abstract

Different techniques to account for losses induced by the environment on signals in
intensity modulation fiber optic sensing systems are described and analyzed.

Introduction

Intensity modulating optical transducers are attractive for use in sensing systems due
to their relative simplicity and low cost. A fiber-optic link is often used to channel
information about the measurand from a sensor-transducer to remotely located transmitting-
receiving electronics. External disturbances affect the signal propagating along the link
and induce variable transmission losses in the system. The susceptibility of the sensing
system to the disturbances acting on the fiber-optic link increases noise and often makes
the measurements ambiguous.

Connectors and splices cause additional losses in the transmission line. These losses
may change every time the connector is remated, or a new splice is made. Thus recalibra-
tion is needed after such operations. This procedure can take too much time, require
special equipment, and specially trained personnel,

In order to compensate for intensity variations in the fiber-optic link, connectors,
and light source a system with two channels, signal and reference, has to be constructed.
The most commonly used methods to build such a system involve either spatial, frequency
(wavelength), or temporal separation of the channels. (See Figure 1.)

This paper discusses different ways to implement the separation of the signal and
reference channels.

Spatial separation of channels

To separate the signal and reference channels in the space domain two fibers made of
the same material and of the same length are used. Schematics of a sensing system with two
physically separated channels is shown in Figure 1l(a). One fiber connects the source,
sensor, and photodetector and forms a signal channel. Another fiber that is placed along-
side the first one but bypasses the sensor-transducer makes up the reference channel.
Because both fibers are subjected to the same external conditions and experience the same
variations in the light source intensity, these effects can be easily factored out. This
technique is simple to implement, does not require complex and expensive electronics, and
works with almost all types of intensitv sensors.

Fiber optic sensing systems employving the described technique have been built to mea-
sure temperature, displacement, and pressure.ll

One of the disadvantages of this technique is the use of two fibers. The presence of
two physically similar channels regquires two equivalent sets of optical and electronic com-
ponents. This decreases the reliability of the sensing system. 1In addition the fibers
that form the channels may not be exactly the same, and thus the effect of the environment
on the signals propagating along the fibers may also be different. The use of dual core
fiber may minimize this problem and make the spatial separation of channels more attrac-
tive. Unfortunately technological problems in manufacturing the dual core fibers have to
be overcome.

Separation in wavelength domain

In this method a dual wavelength technique is used to make up the reference and signal
channels, and the same fiber link can be used for both channels. One of the wavelengths
is gsensitive to disturbances that occur at the sensor-transducer. This wavelength forms
the signal channel. The second wavelength makes up the reference channel and lies outside
the bandwidth of spectral sensitivity of the sensor, and the signal at this wavelength is
not affected by the measurand. Upon reaching the photodetectors this signal is evaluated
at the wavelengths used, and thus the information about the measurand is retrieved.



A schematic of a sensing system with wavelength separation of channels is shown in
Figure 1l(b).

Sensing systems with wavelength‘separated channels have been reported that measure
temperature, pressure, and displacement.3'

In order to prevent crosstalk between the reference and signal channels in the two-
wavelength scheme, generally, two light sources with their central wavelengths well sepa-
rated and two photodetectors are needed. Optical filters in front of either the sources
or the detectors tune the sensing system to particular wavelengths and increase the sensi-
tivity of the system to the measured parameter.

The utilization of two light sources and two photodetectors decreases reliability of
the system and requires identical behavior for the transmission and reception optics and
electronics at both optical frequencies. At the same time the optical filters greatly
reduce the power budget of the system.

A configuration discussed in detail in Reference 7 uses fluorescent properties of some
materials. Because the intensity of the fluorescence in some of these materials has very
weak temperature dependence over the temperature range 300 to 500 K8 it is possible to
use a fluorescence band as reference, and the emission spectrum of the source as the signal
channel. Thermal stability of the fluorescence spectrum, sufficient separation of the
wavelengths, and availability of high power LEDs make it possible to build a temperature
sensor based on this principle.

A fiber optic thermometer with a fluorescence reference channel has been demonstra-
ted.? The main advantage of this approach lies in the use of just one light source.

Due to the nature of physical phenomena employed in the two-wavelength approach the
spectral distribution of the light source intensity and its thermal stability play an
important role in the system performance. The graphs presented in Figure 2 show the com-
puted power that reaches the photodetector after passing through a piece of absorbing mate-
rial as a function of temperature for different sources. The sensing mechanism in the
model was chosen to be the temperature dependent absorption in neodymium, and the computa-
tions covered the spectral region from 700 to 900 nm. As a hypothetical sample, a 10 mm
thick piece of laser glass with 8 wt % Nd03 was used, and this material's physical
parameters were used in the calculations. In these computations the optical sources were
assumed to be of unity power but with the central wavelength of 839, 840, and 841 nm. The
spectral bandwidth of 30 nm was assumed to be the same for all three sources. This simu-
lated shift of 1 nm in the spectral emission in a real environment could be generated by a
change in the semiconductor light source junction temperature. The corresponding change
in the junction temperature that causes such a shift could be just several degrees depend-
ing on the semiconductor material. Thus thermocooled light sources may be necessary in
order to achieve the required stability. )

Time domain referencing

In this type of referencing the channels are separated temporally over the same fiber
optic link. Different schemes to construct a reference channel in the time domain have
been described elsewhere.l0 The principal element of these schemes is a fiber optic (FO)
loop. A light pulse of .a short duration launched into such 'a loop results in a train of
vulses of different amplitudes. The information about the measurand is retrieved by com-
paring pulses in the same train. This technique can be used with different sensors-
transducers and has been demonstrated to determine pulse sgreadingll and birefrin-
gence, as well as to measure pressure 3 and temperature. 4

A schematic of a reflective type Fabry-Perot FO loop with &n incorporated sensor is
shown in Figure 1(c). The Fabry-Perot FO. loop is formed by a semitransmitting-
semireflecting mirror 1, a reflecting mirror 2 which is a part of the sensor, and a piece
of fiber between the mirrors long enough to generate a train of pulses.

The main disadvantage of this technique is the fact that the entire FO loop is sensi-
tive to disturbances. This makes it difficult to determine whether the signal change is
due to the measurand or to the entire FO loop. To avoid ambiguity in measurements the loop
should be made as short as possible. However, the shorter loop requires an initial pulse
of shorter duration to generate a pulse train.

To process pulses of short duration high speed oscilloscopes or streak camerasl5 are
required. High-speed oscilloscopes permit the processing of high bandwidth (>1 GHz)
analog signals. This corresponds to a FO loop length of 0.2 m or shorter (assuming that
the fiber used in the FO loop has the index of refraction of 1.5). Potentially, a streak




camera can resolve an analog signal with a bandwidth up to 10 GHz and above; and high-speed
fiber-pigtailed diodes and optical receivers with modulation bandwidths up to 10 GHz are
also now available.

With this technology employed, the limitation on the system is attributed to the
transmission bandwidth of the fiber optic link. This bandwidth depends on the length of
the fiber cable between the sensor-transducer and processing electronics and the type of
fiber used. For instance, a 100 m long 50 um core diameter graded index fiber with pro-
file optimized for 1 GHz km bandwidth can support an analog signal with 10 GHz bandwidth.

However, despite the ability to process high bandwidth analog signals, the technique
using streak cameras has limited applications due to large size and weight of the equip-
ment. In order to make time domain referencing a valuable technique for sensor applica-
tions where size and weight play a considerable role special signal processing methods have
to be developed.

Combination techniques

In some cases none of the three basic referencing techniques analyzed here provide
good compensation for losses and at the same time satisfy the requirements for low cost and
maintainability.

Improved performance of a sensing system could be achieved by combining two of the
referencing techniques. Figure 3(a) shows a schematic of a sensing system with a combina-
tion of spatial and temporal referencing. The reference channel is constructed in the
space domain by using two fibers in the sensor head, one of which is a dummy; and in the
time domain by using a delay line L in the qummy channel. The system has the advantage of
only one fiber link between the sensor head and the electronics, but suffers from ambigui-
ties in determining the effect of disturbances on the signal and dummy fibers in the sensor
head. A compensated displacement sensor utilizing such a technique is described in
Reference 17.

Another referencing technique involving time and wavelength domain referencing has
been reported in Reference 18. Two wavelengths represent the signal and reference channels
in the wavelength domain. One of the wavelengths is affected by the measurand and the
other wavelength is not. The information about the measurand is retrieved by comparing the
backscattered signals at both wavelengths from points A and B (see Figure 3(b)) which lie
before and after the sensor. The referencing in the time domain is provided by pulsing the
sources and proper timing of detectors and the backscattered signals. Despite some addi-
tional stability gained by utilizing this type of combined referencing the system still has
problems associated with the use of two wavelengths.

Concluding remarks

The difference referencing techniques described in this paper illustrate how losses
resulting from the transmission link and changes in the optical source intensity can be
factored out of intensity modulation sensing systems. The choice of technique is based on
the parameter to be measured, sensor configuration, and stability requirements,
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